Thyroid hormones have presented a positive hormonal interaction on follicular 24 development of secondary follicles and oocytes from antral follicles; however, the effect 25 of thyroid hormones on primordial follicles is unclear. Here we investigated the in vitro 26 effects of combined insulin and thyroxine on caprine primordial follicle survival and 27 development. Ovarian tissues were cultured for 1 or 7 days using 10 ng/ml (low) or 10 28 µg/ml (high) insulin in the absence or presence of thyroxine at 0.5, 1 or 2 µg/ml.
Introduction
Mammalian ovarian folliculogenesis is a complex process regulated by autocrine, 48 paracrine, and endocrine factors (1). Regarding endocrine signaling, both thyroid 49 hormones (TH) triiodothyronine (T3) and thyroxine (T4) have a role-play on follicular 50 development (2). In this sense, an imbalance of TH such as hypo-or hyper-thyroidism 51 has been associated with infertility in woman (3). The majority of released TH is in the 52 form of T4, which it is regulated by a subtle modulation of deiodinase enzymes (DIO) 53 present in several tissues. DIO thus could inactive T4 (DIO I and III), or to convert T4 to 54 T3 (DIO I and II) to exert its genomic actions through interaction with its nuclear receptor 55 (4, 5). Due to its importance, thyroid receptor (TR) has been detected in several species 56 (6). Although caprine species have been described as a good model to study human ovary 57 (7-9), the presence of TR in the caprine ovary is unknown. 58 The disturbs of the TH in murine causes an imbalance in both redox homeostasis 59 (10) and estradiol levels leading to follicular apoptosis (11). To better understand about 60 the effects of TH at the cellular level, in vitro experiments have been performed either 61 using T3 (12) (13) (14) or T4 (15-19) . The use of T3 and/or T4 in association to other hormones 62 enhance survival and development of secondary follicles in murine (12, 14) , and ovine 63 (17), as well as bovine embryo development (13, 16) . Thyroxine concentrations usually 64 used in the experiments with preantral follicles vary from 0.5 µg /ml to 2 µg/ml (15, 17- transported to laboratory within 1 hour in . All chemicals used in the 94 present study were purchased from Sigma Chemical Co (St. Louis, MO, USA) unless 95 otherwise indicated. 96 97 Experimental design 98 In experiment I (n=10 ovaries), the effect of different insulin and thyroxine 99 combinations on the in vitro survival and development of goat preantral follicles enclosed 100 in ovarian tissue was investigated (Fig 1) . The experiment II (n=6 ovaries) was conducted 101 to evaluate the effects of insulin and thyroxine on preantral follicles at the molecular level. To evaluate follicular activation (transition from primordial to growing follicles, 140 when surrounding squamous pregranulosa cells become cuboidal and begin to proliferate) 141 and growth, only morphologically normal follicles with a visible oocyte nucleus (equatorial section) were recorded, and the proportion of primordial and growing follicles 143 was calculated at day 0 (non-cultured control) and after 1 or 7 days of culture with 144 treatment. In addition, follicular and oocyte diameters were measured using Nikon NIS-
145
Elements software (Nikon NIS-Elements 3.0, 2008, Nikon, Tokyo, Japan), considering 146 the major and minor axes of each follicle and oocyte. The average of these two 147 measurements was used to determine the diameters of both the oocyte and the follicle 148 (28).
150
Ovarian stromal density 151 The density of ovarian stromal was evaluated by calculating the stromal cell per 152 100 µm 2 . For each treatment, ten fields per slide were assessed and the mean number of 153 stromal cell per field was calculated (29).
155
Hormone assays 156 To evaluate follicular steroidogenesis in vitro, concentrations of estradiol (E2) 157 were measured in spun culture media at day 1 and day 7 to reflect a 24-h hormonal 158 production. Standard dilutions were made according to manufacturer's instructions using 159 competitive immunoassay commercial kit (enzyme linked fluorescence assay VIDAS, 160 Biomerieux, Marcy l'Etoile, France). The analytical sensitivity was 9 pg/ml, ranging from 161 9 to 3000 pg/ml, while the intra-assay coefficient of variation was 5%. extension was performed for 10 minutes at 72˚C. The specificity for each primer set was 191 tested with melting curves that were carried out between 60˚C and 95˚C for all genes. All 192 amplifications were carried out in a Bio-Rad iQ5 (Hercules, CA). The 2 -∆∆CT method was 193 used to transform threshold cycle values into normalized, relative expression levels (31). when data were taken together into two groups (10 ng/ml vs. 10 µg/ml insulin, regardless 313 of T4 concentrations), ovarian fragments cultured with 10 ng/ml insulin showed higher 314 estradiol production (P<0.05) than fragments cultured in 10 µg/ml insulin. On day 7, the 315 estradiol levels in all treatment groups were under the detection limit of the assay (9 316 pg/ml). 
ROS production
The ROS production in ovarian tissues cultured in vitro for 1 or 7 days is shown 323 (Fig 6) . Unlike treatment groups containing 10 ng/ml insulin, all treatments with 10 µg/ml 324 insulin significantly decreased the ROS levels from day 1 to day 7. On the other hand, 325 ovarian tissues cultured under 10 ng/ml insulin with 0.5 or 2 µg/ml T4 had increased 326 (P<0.05) ROS production from day 1 to day 7. Finally, cultures under 10 ng/ml insulin 327 with 0.5 or 1 µg/ml T4 displayed higher levels of ROS (P<0.05) than their counterparts 328 under 10 µg/ml insulin with any T4 concentrations. reduced (P<0.05) TR expression levels, when compared to non-cultured control ( Fig 7A) .
341
Under 10 ng/ml insulin, the TR expression did not differ (P > 0.05) from non-cultured 342 control (FC) versus insulin alone or combined with 2 µg/ml T4 ( Fig 7A) . Compared to 343 non-cultured controls, the presence of 10 µg/ml insulin significantly decreased IR 344 expression, regardless of T4 concentrations ( Fig 7B) . Under 10 ng/ml insulin, there was 345 a significant reduction of IR expression by the presence of T4 (P<0.05), as compared to 346 insulin alone or non-cultured controls ( Fig 7B) . In comparison to non-cultured controls, the Bcl2/Bax ratios were decreased in all treatments during cultures ( Fig 7C) , but cultures 348 under 10 µg/ml insulin exhibited lower ratios than 10 ng/ml insulin, regardless T4 349 concentrations. Thyroid hormones are essential for female reproductive function, and a 361 dysregulation of these hormones have been associated with infertility (3). Indeed, the 362 subtle balance of T4 levels during in vitro culture of primordial follicles affected the 363 follicular dynamic. Herein, we observed that, unlike the treatments with 10 µg/ml insulin, 364 the addition of T4 to a basic medium containing 10 ng/ml insulin maintained follicle 365 survival from day 1 to day 7. Moreover, it was demonstrated that the combination of 0.5 366 µg/ml T4 and 10 ng/ml insulin enhanced follicle survival in comparison to T4-free 367 treatment (i.e., 10 ng/ml insulin alone) or when associated to high levels of insulin. It is 368 known that insulin increases glucose uptake by translocation of GLUT (32) and THs 369 could improve this effect (33), which reduces the amount of glucose in the culture 370 medium (34). However, our culture system uses a fixed glucose concentration (1 g/l), and thus, low levels of combined insulin and thyroxine could be more appropriate to maintain 372 the nutritional support to the survival of ovarian tissue.
373
In the present study, treatments (i.e., 10 ng/ml insulin + T4 at 0.5 or 2 µg/ml) that 374 provide the best outcomes for follicular survival exhibited higher ROS production from 375 day 1 to day 7 of culture. ROS are products of normal metabolism and can be beneficial 376 to cells acting as redox messenger in intracellular signaling ( tissues that are filed with more stromal cells than ovarian follicles (38), and the decrease 385 in Bcl2/Bax ratio could be due to the increase in stromal cell apoptosis.
386
In general, media containing low insulin were better than those with high insulin 387 for the maintenance of stromal cell density, which functionality remains for 388 demonstration. Indeed, estrogen that is also produced in stroma cells (39) was not detected 389 in the culture medium, suggesting a possible stromal cell apoptosis occurrence. On the 390 other hand, after one day of culture, low insulin treatments led to more estrogen 391 production than high insulin, which corroborates with follicle survival and highlights the 392 importance of insulin to glucose balance on estrogen producing ovarian cells (granulosa 393 and theca cells).
394
All treatments improved the percentage of developing follicles, and better results 395 were obtained with high levels thyroxine and insulin that yielded greatest follicle and 396 oocyte diameters. The association of thyroid hormones with growth factors and/or 397 hormones enhance follicle growth (12, 17) and granulosa cell proliferation (33, 40) .
398
However, the requirement of high levels of thyroxine for follicular development may be 399 due to the presence of BSA in the culture medium. Indeed, thyroid hormones can bind 400 seric/plasmic albumin (41), constituting an in vitro obstacle for the maintenance of free 401 thyroid hormone fractions in the culture medium. Thyroid receptors were detected for the 
